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THERMOELECTRICITY AND REFRIGERATION AT
LOW TEMPERATURES

1. Personnel

The following persons have been associated with the
project during the period covered by this report.

Dr. John G. Daunt Director, Cryogenics Center
Dr. E. Lerner Assistant Professor
Dr. G. J. Goellner Research Associate
Dr. D. C. Hickernell Research Associate
Dr. D. L. Husa Research Associate
Dr. R. J. Roberts Research Associate
Mr. S. G. Hegde Research Assistant
Mr. P. Mahadev Research Assistant
Mr. S. N. Mahajan Research Assistant
Mr. J. Sangeorge Research Aide
Mr. E. Karan Research Aide
Mr. W.H.P. Van Iperen Research Aide
Miss 0. Mezzina Secretary

2. Research Program

•The research programs are:

(1) Thermnoelectricity at very low temperatures.
(2) Physics of Adsorbed Gas Layers and Desorption

-Refrigeration.
(3) Experimental Studies of Cryogenic Refrigeration.'

Under (1) The absolute thermo-electric power S, of long

single crystals of 99.9999% pure gallium have been measured as

a function of temperature, crystal orientation, size and impuri-

ties between 4.2K and 1.4K using a superconducting quantum inter-
-12

ference galvanometer with sensitivity of 10 volts.

It was found that the anisotropy of the metal affects the

thermo-power in a dramatic way. The algebraic sign of the thermo-

electric power along the A and B axes was positive throughout the

temperature range covered and for all the sizes employed. The

thermo-electric power along the C-axis changed sign from positive

to negative as the temperature was reduced. All the results in-
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indicated that the thermo-electric power, S(i), !-A, B or C,

LIwas a monotonically increasing function of temperature and

i lfor constant sizeS(A)> S (B) > S (C). ?z'rthermore S in-

creased as the diameter (d) of the rsAple was reduced. The

--a)ue . of tht measured S ra.- L 1-vt- ert -2.3 to 12.C x 10-8

V/°K.

The temperature dependence of S a,,na tl'•. A and B-axes

L is explained on the basis of contributions from (1) electron

diffusion, (2) phonon drag, (3) processes which contribute to

L deviations from Matthiessen's rule in the electrical resis-

tivity and (4) higher order electron-phonon processes (so-

L- called "phoney phonon drag"). The temperature dependence of

L S along the C-axis is interpreted on the basis of an approach

suggested by Bailyn (1960), which was applied to data on the

L alkali metals by MacDonald et. al. (1960), assuming the exis-

tence of Umklapp electron-phonon scattering.

L The variation of the diffusion thermo-electric power with

changes in the dimensions of the samples is obtained by extra-

polation of the data to absolute zero. The size-dependent be-

1. havior is then discussed in terms of a simple model based on

Nordhiem's rule (1935) and the sign and the order of maqnitude

of the rate of change with energy of the electronic mean free

path • PC/:) and of the Fermi-surface area (b e ) is

obtained and compared with the results obtained on gold by

Huebner (1964). The value of a /b)is negative for all three

axes and its magnitude is smallest for B-axis and largest for C-

axis. The quantity (a ent/be) is positive for all three axes.

im mmmmm • lR •roemmm r m wml I•ma na mm mm |~mn m m3
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In addition, the thermo-electric power of gallium d] loys

fL with the indium and tin as impurity was e1-3O .measured. The re-

L suits are interpreted in the light of recent theoretical pro-

dictions of Nielsen and Taylor (1973). The characteristia
I I therao-electric pouer of iriuw and tin as a function of tem-

perature is obtained using Kohler's (1949) formula.

Two papers on the above wvork are being prepared for pub-

lication.

Under i2) a geat deal of work has been done ane iis is

Lz reprted -n tne following papers, reprints of which are includ-

ed in this IF., orL:
| L F~~~~~t3 $•. z ,o.o s s b t a e

1. "Absorption of 4- 3Ind %- Ious substrates
below 30K". J.G. '::.. and E. Lerner, Proc. 2nd
Internat. Symp. oi 'Adsorption & Desorption Phenomena",

L Florence, Apr. 1971. p. 127. Published by Academic
Press, 1972.

2. "Measurement of Molecule-Surface Binding Energies by aTime-of-Flight Diffusion Method", F. Pollock, H. Logann,
J. Hobgood and J.G. Daunt. Phys. Rev. Letters 28,346,
1972.

3. "Adsorption of 3He and 4He on Copper and on Argon-
coated Copper below 20K", J.G.Daunt and E. Lerner,
Journal Low-Te.aperature. Phys. 8, 79. 1972

4. "Transitions in Neon Submonolayers Adsorbed on Argon
Coated Grafoil", E. Lerner, S.G. Hegde and J.G.Daunt.
Phys-Letters. 41A, 239. 1972.

5. "The Specific Heats of Submonolayexs of 4He Adsorbed on
Copper and on Argon and Ncn monolayers on Copper at
Low Temperatures". P. Mahadev, M. F. Panczyk,
R. A. Scribner and J. G. Daunt. Phys. Letters 41A.
221. 1972.

6. "Su'ne P-7operties of Two Phase Submonolayers of Adsorbed
He"ium". J. G. Daunt. Phys. Letters. 41A, 223. 1972
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7. ODesorption Cooling below 12K using He desorbed from
S,,nthetic Zeolite", J. G. Daunt and C. Z. Rosen.
cxyogenics 12, 201. 1972

Under (3) we have designed, constructed and put into oper-

* ation a new type of refrigerator, which maintains temperatures

down to 0.25K, and which only uses a supply of liquid nitrogen.

III Details of this refrigerator will be presented in our next

U Report.

John G. Daunt
December 31, 1972
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"ADSORPTION - DESORPTION PHENOMENA"

ii PubL AcadOmic Press, 1972

ADSORPTION OF 3 HE AND 4 lHE ON VARIOUS
SUBSTRATES BELOW 30°K*

J. G. DAUNT and E. LERNER

Stevens Institute of Technology, Hobok.n. Neu Jersey, USA

I I. INTRODUCTION

I ~ Tis paper gives a brief preliminary report on some recent measurements of
adsorption isotherms of 3He, 4 He and neon deposited on copper and on
argon-coated copper. It also presents somi previous (Daunt and Rosen, 1970a)
data on the adsorption of 3He and 4 He on synthetic zeolite for comparisonwith
the recent data. From the data the isosteric heats of adsorption are calculated as
q 'function of coverage, and information regarding the monolayer coverage

tduced.

I II. THE EXPERIMENTAL ARRANGEMENTS

The measurements were made using apparatus which has been described
I hewhere (Daunt and Rosen, 1970a). The range of pressures covered was from

about 0.25 mmHg to 75 mmHg and the temperature range from 4.20K to 260K.
The filling tube going from oom temperature down to the cold specimen
chamber had an inner diameter 2.16 umm. The thermomolecular pressure
corrections necessitated by this tube, which connected the specimen at the low
temperature to the pressure gauge at room temperature, were not greater than
3% for pressures of 0.5 mmHg and above. All necessary corrections for voidI volumes, gas non-ideality, etc. were carried out in the same manner as described
previously (Daunt and Rosen, 1970a).

The copper surface for these adsorption stmAies was made in the form of a
sponge by sintering pressed copper powder ("Druid Copper", Grade MD60 madezb by Alcan Metal Powders Inc.) of average particle size 2 x 2 x 0.5 microns in a
hydrogen furnace at 6500C for 0.5 hours. This construction assured temperature

21 Work supported by a contract with the Department of Defense (Themis
Program), the Office of Naval Research and by a Grant from the National
Science Foundation.
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1 128 J. G. DAUNT AND E. LERN

homolgeneity over the whole adsorbing wuface. The specimen used in the

measurements comprised three such copper spons in the form of diss, 5.00
cm din. and 0.68 cm thick each, with a total mas of 170 g. The flling factor ws

i 47.7%.

Ill. THE SURFACE AREA OF THE COPPER SPONE

lThe surf•n oa, Z, of the specimen was obtainied from menaents; of
adsorption isotherms of N2 and argon taken at 77.30K. The isoth#mu MwW
very reproducible and showed no hysteresis. They were typical Type H
isotherms (Young and Crowell, 1962) and the value of the monolayer coverage,
V,, was estimated by the "Point B" method (Young and Crowell, 1962). The

i results are give in table 1.

Table 1. The monolayer coverage, V., and the surface area E,• deduced
fore N2 and argon iuothermt on a copper sponge at 77.Y K (mse tezt).

The molecular areas, o. are taken from Young and CroweE (1962)

V 6 E
Substance cm3 (S¶his A2  rIs

SN 2  0.11 16.2 (liquid) 0.48
N2  0.11 13.8 (solid) 0L41
At 0.11 13.8 (liquid) 0.41
Ar 0.11 12.8 (solid) 0.38

The surface area X in m2/g was calculated from V, 'usng the formula

b (Young and CroweP!, 1962)

,z 0.269 Vau

jwhere o is the molecular area of the adsorbed gas in A2 and Vm is in

cm3(STP)/g. As has been discussed many times, and reviewed, for example in a
r previous paper (J. G. Daunt and C. Z. Roien, 1970a), there is a question as to

I iwhether the a for N2 should be taken to be that for the liquid state (16.2 A2) or
that for the solid state (13.8 A'). In table I we show the v-luez of V. and E for
N2 and Argon obtained from our 77.3°K isotherms, where E is deduced from a

- values both for the liquid and the solid state. It will be seen that E deduced from
the N2 (solid) isotherm is about 8% lower than that obtained from the argon
(solid) isotherm. A similar discrepancy between the N2 and argon data for

., evaluation of 2Z was observed previously (Daunt and Rosen, 1970a) in our
1 synthetic zeolite adsorption measurements. The cause of the discrepancy is not

Fr., 7



i A9SORnIjON OF 3HE AND 4HE ON VARIOUS SUBSTRATES 129

delm. but may be associated with some uncertainty in the value of a for argo&.
We haw chosen a for solid N2 as appropriate for calculation of Z, giving a

result of Z l 0.41 m2/g for our copper sponge. This value has been used in all

data presented in this paper.

IV. THE MEASURED ISOTHERMS

Lo P Ipes and 2show the adsorption softhenof 4He ontheClean bar
copper spoiuge and on a monolayer of argon deposited on the same sponge at the
following temperatures: 6.180 K, 7.90°K, 9A65°K, II 60°K, 13.50°K, 15.081(

FIl I. Adsorption isotherms for 4 He on bare Cu at temperatures as marked.

sad 18.550K. In depositing the argon, an amount of argon as corresponding to
-- the measured amount required at 77.3°K to form a monolayer was admit!ed to
4, the sample cell at room temperature, the cell was then cooled slowly over a

period of 19 hours from room temperature to liquid helium temperature. This
permitted adequate time for the argon to diffuse throughout the copper sponge
and to deposit evenly on it. By comparing figures I and 2, it will be noted that
at any given temperature and pressure, the amount of 4le adsorbed an the
argon covered copper sponge is less than that adsorbed on the bare sponge.

The data for He adsorbed or, bare copper at the same selected temperatures
are shown is, figure 3. By comparison with figure I for 4He on bare topper, it
"will be seen that the 3We curves show smaLer adsorption at any given
temperature and pressure. However at the highest temperatures and pressures
reported these differences are very small and within experimental error.. This

1-.o



1 130 L.G. DAUNT AND E. LERNER

niult is in qualitativ agreenws with the comparison of adsorption of 3He and
41k on synthede zeofite 13X asshownin figures4 and 5and a u portid
previously (Daunt and Rosen, 1970a).

K0 -I

1310
0 2" 30 40Go4 10

Fig. 2. Adsorption isotherms for 4He on monolayer of argon on Cu at
temperatures as marked.

1.1

so* 30 40 30 40 10
MO1J4. ~

Fig. 3. Adsorption isotherms for 3He o'n bare Cu at temperatures as marked.

Comparison of figures 2 and 3 Ishows that the introduction of an argon
monolayer on the copper lowers the adsorption of "He. even below that of 3He
on bare copper.

In order to make a qualitative and quantitative comparison of the results
using the copper sponge with earlier ones using synthetic zeolite, we show in
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i ADSORPTION OF 3HE AND 4 HE ON VARIOUS SUBSTRATES 131

figures 4 and 5, on the same scale in cm3 (STP)/m 2 , the adsorption isotherms for
4He and 3He on synthetic zeolite (Unde Molecular Sieve, Type 13X) as
measured in our laboratory previously (Daunt and Rosen, 1970a) at the

*

[ IFIg. 4. Adsorption isotherms of 4 He on synthetic zeolite 1 3X at tempera-

S" turs as marked.
04 ilm --

Ia I I

Oo- IO |O 30 4 0 00 K O '

+'Fit. 4. Adsorption isotherms Of 4 He on synthetic zeolite 13X at tempera-

p.

i, tures as marked.

' • following temperatures: 4.2°K, 5.11°*K, 8.0°K, 10.0K, 12.0°K, 14.0°K, 16.0°K
+• and 20.0°K. The character of these adsorption curves seems to differ from those

found with the copper sponge; they appear much "flatter" in the higher pressure
rapls. Thib may be associated with much smaller sizes of the voids in the

i o il!
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132 J. G. DAUNT AND E. LERNIM

Figure 6"shows the measured neon adsorption isotherms on the bare copperI4monge and on the copper sponge coated with a monolayer of argon at 22.6*Kane -A 25.75*K. Here he much lower adsorption on the argon monolayer asc - with the adsorption on the bare copper is clearly evident.

aus U.C. its 78111

0 s

Fig. 6. Adsorption isotherms for neon on bare Cu and on monolayer of argon
_ on Cu at temperatures as marked.

7-r

i" V. THE ISOSTERIC HEAT OF ADSORPTION

The data of figures 1, 2, 3, 4, and 6 have been used to construct plots oflnp
versus lIT for various constant coverages (V constant). It was found that these
p,•.• were linear over a wide range of temperature. The slope, 1a In p/la(lT7)I, is
equal t( Q,./R, where Q.t is the isosteric heat of adsorption. The results of these
computotions are shown in figures 7 and 8 which give Qst/R in degrees Kelvin as
a function of the coverage, V in cm 3 (STP)/m 2 .

Figure 7 shows the results for neon on bare copper and on copper covered
-" with a monolayer of argon; for 4 He on the bare copper and, for comparison, for
_. 4 He on synthetic zeolite (Linde Molecular Sieve, 13X). The latter results were

recomputed from data presented in a previous paper (Daunt and Rosen, 1970a).
It will be seen that Q,, is significantly lower at all coverages for neon on a

monolayer of argon deposited on copper than for neon on bare copper. At a

i .,.
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I I I I

,._•,•.-'. g . .c

i 0 So -
*II~0 A~ ~

19)0

0 1 I I
0 0.1 0. 0.3 0.4 0$

rl v=m,(5,)/,,
Fig. 7. The isosteric heat of adsorption, Qr/R, as a function of coverage VIE

for: Neon on bare Cu and on monolayer of argon on Cu; -He on synthetic
"zoolite 13X and 'He on bare Cu.

% ",

7i-'Cu

25-

0;- 0 01. 014 0 3

For. S. The isosteric heat of adsorption, Qst/R, as a function of coverage VIZ
fr4eon bare Cu and on monolayer of argon on Cu; --0- (Wallace and
Goodtei,170)and 3 He on bare Cu.
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coverage of 0.24 cm 3(STP)/m 2 . QOsfR for neon on copper is 4000 K and for
neon on a monolayer of argon on copper Qs,/R is 3200K.'

Figure 7 shows that the Qs, values for 4He are significantly lower thaný those
for neon. At a coverage of 0.24 cm 3(STP)/m 2 Qst/R is 83 0 K for 4He on bars
copper and 162°K on synthetic zeolite 13X. As is clearly shown in figure 7, Q,,
for 41He on bare copper is much lower than that on zeolite 13X at any chosen
coverage below about 0.4 cm 3(STP)/mi. The Q.t values for neon are not as
secure as those for 'He. because of the relatively much smaller niumber of
isotherms of neon from which calculations axe made. This relative imprecision
particularly refers to the coverage dependence of QGt..

Figure 8 shows- Qs/R 'ersus coverage for 3 He and 4-He on the bare copper
and for 4He on a monolayer of argon on copper. It also shows three'points taken
from extensive data by Wallace and Goodstein (1970) for 4He on a monolayer
of argon on copper. fhe agreement'between our results and those of Wallace and
Goodstein is fair and probably within theierrors introduced in the normalization

' •of Wallace and Goodstein's data to our own.*

It appears that Qf at any chosen coverage for 4He on the bare copper is
higher than that for 3He also on the bare ,,opper. In comparing 4He on bare

copper and on the argon monolayer, it appears that below a coverage of about
0.25 cm 3(STP)/m 2 . Qsr on argon is smaller than on the bare copper, however
above the stated coverage there appears to be little difference between the
observed Qst values.

Although the precision in the Qs, values is much poorer titan those in the
-- observed adsorption isotherms. a feature which makes it difficult to interpret

closely the variation of Q&w wth coverage, two main features appear in figures 7
and 8 for the helium data, namely

(1) There appears to be a cihange in slope, 6 r perhaps an inflexion at about
V= 0.24 for 4 He both on bare copper and on the argon monolayer and at about
0.17 cm3(STP)/m 2 for 3He on bare copper. .

(2) Both above ar, below these coverages, Q,, is dependent on co•ierage and
shows irttle sign of becoming independent of coveragý even at the coverages
observed.

We interpret these two features as follows:
(I) The inflexions are interpreted as indicating the approximate coverage at

which the first layer of adsorbed gas is completed: This yields Vm values as
4.- follows: For 4 tfie on bare copper and on the argon monolayer on copper

Vm, L0.24 cn'(STP)/m2 , For 3 He on bare copper 0.1,7 cm 3 (STP)/m2 . These

* To normalize Wallace and Goodstein's (1970) data to our own, we have
taken our 4 H1e on the argon monolayer to have a monolayer capaci t y, Vm, of
0.24 cm 3(STP)/ln 2 as explained in the text above No change has been made in
Wallace and Goodstein's data, nor can a comparison of our V,,m value with their
data be made, since they did not specify the surface area of their adsorbent

lt
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vaize. ai to be compared with some previous values, such those of McCormick
et aL (,. 68) who quoted V, t- 033 for 4He and 0.29 for 3He on bare copper
and thcse of Daunt and Rosen (1970a) who quoted Vm to be probably less than
0.29 cmn3(S[P)/m 2 for 4He on synthetic zeolite and 0-26 cm 3 (STP)/m 2 for 31k

Son the same adsorbent (Daunt and Rosen, 1970b).

"Table 2. Data of isosteric heat 'QA) and estimated monolayer coverage (V,,).

Qa/R (K)
At monolayer VM

capacity _,a"(STP)/m 2

H 3 on bare copper 88 0.17
He' on bare copper 83 0.24
He4 on Ar monolayer

on Cu 76 0.24

QIR (K)
At V= 0.24 cm3 (STP)/m 2

Neon on bare copper 400
Neon on Ar monolayer

on Cu 320

- The observation that Vm for 4He appears to be approximately the same for
adsorption on copper as on the argon monolayer, taken with the fact that

the Q,, values do not differ significantly for the two substrates, presumably

indicates that the surface area for adsorption is not different for the two
substrates.

(2) The way Q,, continues to increase as the coverage is reduced below the
monolayer coverage for the helium on all substrates used is interpreted as

indicating inhomogeneity of adsorbing sites.
We sum up our data on Q,, and Vm values in table 2, which gives our

evaluation of the quantities on the various substrates at monolayer coverage.

REFERENCES
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I L Memnwneut of Mohlec -Sfface Binding Eunegies by a rTne-of-Flight Diffusion Meod
F. Pollock, B. Logan t J. Hobgood, and J. G. Daunt

Phyic Diarmtet d CPyqezics Center. SteuvesIns~ t of Tednoieg", aoblex, Nfe. Jersy 07M)
(Received 5 November 1871)

L.

A kinetic methd for meAsuring the properties of soi6 surfaces to described, -od re-
oufts are reported for the binding of helWm on t..-yr and cojper thiclky pl~ted wfit ar-

The purpose of this paper is tc describe a tech- in equilibrium at temperature T, consietng of a
niqne for studying the properties of solid st r- gas of N, molecules of iterest in a volume V,
faces and to report the results of the initial- surronuded by a surface made of the solid of in-
vestigations on atomic binding energy to surface terest whose area is A. We assume a single bind-
sites using this method. The metlhd uses kI2e- ing energy per site of Wv (W>0) and , sites per
tic rather than static measurementb. !' the first -mit area. The density of atoms both in the gab
series of experiments we have meAsured charac- and on the surface is low so that molecule-mole-
leristic time3 for the transit of a pulse of helium cule interactions may be safely neglected.
gas through a long narrow tube (tube diameter < We .hen have a simple problem in statistical
mean free path for molecule-molecule collision), mechanics. The density of particles on the sur-
Keeping in mind that the urguments apply to other face is
geometries, we shall use this one to fix our ideas.
Provided the gas of the inp,- pulse is sufficiently =Z 1Norexp(W/kT), (3)
dilute, the molecules e:-ecute a one-dimenstn.nal wher3 Z is the single-particle partition function.
random walk with each step terminating at the The gas density is
tube wall. The rate -- transit down a tube de-
pendi on the diffusick constant for one-dimension- pN 1 ( _P_(
al motion which is given by Z (2sF1) f'p2n* -, (4)

D=jx2 /7, (1) From elementary kinetic theory, the flux of mole-
cules striking the surface is

where X"-(diameter)2 Is the mean square step
length and is essentially temperature independent, I = AP (5)
and f is the mean step time which does depend on where U is the rms molecular speed, and the num-
the temperature of the system. There are two ber captured rar unit time per unit area is, by
contributions to i. First, there Is the kinetic definition of the capture probability •,
part F, depending on the temperature through the
rms molecular speed. This part should vary as / ¼pU. 16)
T-1/2. For our geometry - 10's-10-e sec. The From the definition of the mean lifetime Tc we
other, more interesting part, is the capture time have
on the surface. One expects tha! its principal
temperature dependence will be exponential, and dG/dtf,.. = o.f/,. (7)
arguments can be made making this conjecture Detailed balance then gives
more precise. If, now, 4 is the probability that
an incident particle will be captured and T, the W A--Y!. (2v•)/
capture time, one can write for f U 2sm k2 T 2

Y =(1 - 4)1+ (f•+;)=f+ i. (2) which is ther result we sought and which has theinteresting property that while 4 and V separate-
Thus, any characteristic time of the diffusion pro- ly depend, sensitivei,- perhaps, on dynamical de-
cess will depend on T1 and the product if. tails of the molecule-surface interaction, their

An analysis of the adsorption-desorption pro- product depends only on gross properties--the
cess can be made analogous to the Einstein treat- binding energy, the density of sites, and the mole-
ment of the adsorption and emission of radiation cular mass.'
by atoms. Here, since the processes depend on The pre-exponential factor in (8) is very small
surface and molecular properties and the temper- compared with ft for all interesting tempera-
ature o1 the system, we may consider a system tures. The consequence of this is that one must

1 .. 346
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up T. at tenzperatures much lower than Wlk to The most convenleat quantity to measure seems
dst the effect of capture time. As a result the to be the time of arrival of Or half-muadmum am
trn of tranit of the pulse is extremely sensitive the rising slope a the outpur cura . From the
ftobsl the temperature and the binding energy. p-.ewas consideratiom we can write
Typically, bluhrg ergies beween 100 (9)NOTrequire or-eratiu at tempe4ms between9)

I 5- od 11iL With eth use of noble gases.we have where a small onsuant term doe to lead-IrA Wid
tbUm a vezy sensitive yet gentle probe oi .vurface lead-oot delays Is neglected. hI 76g. 2 we show a
•mperties especially since maw w ,.trm.try typical curve for half times, tf,, on the bare
nwbws presible the detection of a very low den- copper surface of the transit tube (which presum-

sity of molecules. 2  ablr tas an odde coating and perbkns other im-
The ezperlmeuaal arrangement is simple. In purties). In Fig. 3 we plot for two caes, He

msr Inflal esperimets the transt tube uas of on bare copper and He on argon-plated copper,
eopper, 400 cm long and 0.32 cm iA., which T2(t11 2 -W([T) vs lIT, from the slope of which
cook! be maisnbind isothermally at any tempera- we oin infer the b*nding energy values. For the
bre in the range 4.2 to 1IK. Helium gas could! /

t--e

FIG. i. "--w output repos signal from the gas de-

teocor. S Is the signal .!reg&, i Is the Ume.

be Injected Into one end of the tube, at a tempera-
ture equal to that of the tube. For a measure- _ ___ ___

ment, a square step pulse of helium of approxi- c0 Ocs Oio Oi2
inately 10 cm width is introduced into one end of Ir
the evacuated tube and the time noted. The num- FIG. 2. The time of arrival of the hali-j.-zimum,
ber of particles in the pulse is sufficiently small t2, as a function of the reciprocal of the absoluteStemperature. A unit of time here is 2.75 sec.
a to justify the neglect of molecule-molecule in-

teractions both in the gas and on the surface. A
mass spectrometer, in this case a standard leak second c2se the tube was coated with approxlmae-
detector, measures the flow of helium from the ly twerty layers of argov. The binding energies
other end of the tube and the signal is displayed so obtained are W, 1 =177-K and WHA=l02*K
on a chart recorder. Typical transit times, mea- Repeated measuremepts on the two substratej
sured to the half-height of the leading edge of the give values that vary by rougbly 5% most of which
pulse, range from about 9 sec at 15 0K to about variat:on is probably due to iniomplete reproduci-
10 min or more at the low-temperature end of the bilty of the temperature of the tube from run to
range. Figure 1 shows a typical output signal. run. We have been able to hold the temperature
The output pulse shape is found to agree quite of the transit tube, as measured by a gas-bulb
well with the results of one-dimensional diffusion thermometer, constant usually to within less
theory with small dl_!crepancies that are tempera- than one part per thousand. Time measurements
ture dependent, '_e , at high temperatures it is at the low temperature are generally accurate to
slightly narrower than theory predicts, while it within 2%, while at the highest temperatures the
is wider at low temperature. This effect is notyet ompetel unersoodbutdoe notsee to error is probably less than 10%. This latter er-
yet completely understood, but does not seem to ror is important in determining the coefficient in
affect the shape of the leading edge of the output the T/ term, but unimportant for low tempera-
pulse from which the data are taken. tr6 347
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r;. hitme which are the da sefor the eaergy de- that in or derivation of Eq. (5) we assumied only
tersanatimn on biuda state. W.: extenuion to the ziore[1 It is dtfficdt to find ezperimental results with general case Is strighforard In particular,
which to compn~r our 0indigs. Ordinary thermo- except for very closely spaced levels only Me
itac measurmet require significant cover- most tightly Iha o Itt Contributes signiflcaNtly

ages, because of absolute or relative signal prol.- to the averzge sucin time. Is the cae of arM=
Iesu Anr extrapolation to zero coverage of the plarung, preionzbly a collection of crystallites
results of Daunt and I erner3 for the isoisteric xosn Soule fmation of each of the crystal
heat of adsorption of helium on coper is roughly faces would be formned. We should P xpectA them to
consistent with our results.4 For the argon coal- see the bindin on the face that binds mlost strong-
ing Novaco and blifford5 have calculated an ex- ly, which from theoretical csiderations is the
pecte bilinhg energy for heium on the 100 face (100) face.
of argon and find 100'K in very good agreement

with our result, if 102*h. It should be pointed out

4*Work Mupprtedr in part by a grant from the Nationa
Science Foundatlio, and by contracts with the U. S. OF-
fiee of Naval Research and the Deagrtment of Dnearnw
(Thmias Progrmul.

tPe-...'en% adress: Wagner College, Staten Island.(F i~Y. 10301.
tPernmanet address: State University of New York a

Binghamton. Binghanton. N. Y. 13901.
l14rogtout this discussion It has been assumed that

- ~the diffusive promes i~s so slow that the system is lo-
cally in equhlfbriuLt.

21t has been pointed out that quite a loug tine ago sim-
ilar experiments were atteropted. The earlier attempts
were limited chiefly by d'~ection techniques and small
amounts of input gas could not be used. see J. de. Doe-..
Thbe Dynazmical Character Of Adsorpiio (Oxford Univ.
Press, Oxford, England, 1968), 2nd ed.

3J. G. Daunt and E. Lerner, in Proceeding of the
Second Intenuationa Symposium on Adsorpfiom-Desorp-
tion ffg ponpexa. Florence, Italy, 1971 (Academic,

OD 06 OO OJ A0i4 0e w New York, 1971).
0L4I/ "0 JO W Measurements by D. W. Orinoehouse (to be published)

'/7 are in rough agreement with our for bare copper (pri-
FIG. 3. 741'1/2-a/rTjI versus the reciprocal of the vate communication from Dr. J. G. Dash).-

nbsolute temperature. The squares represent the dafta $A. D. Novaco and F. Milford, J. Low remp. Phys.
for He on bare copper, the circles those 'or He on ar- 3307 (1970).
gon-plated copper.
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Adsorpfm of 3He =M 'He oc Copper oW nd
i- Argo-Coated Copper Below --9 K*

J.G. D11t miiL Egu! ! I
Crpgewe Cewae. Srerrer. ImAwas teko~g~ Hef~,z. caiv

I -- (Received Domw~w t. 3973)

M easurements hare been made of adsorption isother•s of 3He and of 'He
on copper and on a monwlayer of argon deposited on copper in the temperature
range 6.18-18.55 K and in the presare ran -025 to 75 Torr. From tlese man,.
isothernms, calculations hare been made of the isosteric heal of adsorption
QJR. In the limit of zero corerage on the argon monolayer Q_,1R = 76 + 2 K
for 3fHe and 76+2 K for 'He. For adsrption on the bare copper, Q,/R is

difficult to extrapolate to zero corerage, but it probably lies (for both 3 He
and 'He) between 135 and 165 K. At theoretical monolayer helium corerage,
Q.,R= 44 + 2K for 3He on the argon monolayer and 47 ± 2 K for 4He.
At theoretical monolarer helium corerage on the bare copper, Q4jR = 61 + 4K
for 31fe and 77 ± 5 K for 4He. The results are compared isith theoretical
eraluations for helium adsorbed on an argon mon&layer and with some prerious
experimental data, and i.w agreement is found to be fair. All the data are
summarized in tables Finall; a reries, is giren of eraluations, including those
from this work, of tl'e monolayer capacity of 3He and 'He on the suburates
studied.

i. INTRODUCTION

In the last several years there has been. considerable interest in the
properties of adsorbed monolayers and submonolayers of the helium
isotopes on relatively simple, substratcs, particularly on monolayers of the
heavier rare gases deposited on a copper base.'-'- The copper base has been
chosen to assure temperatuic homogeneity in situations where the vapor
pressure of the adsorbed helium is too small to permit heat exchange through
the vapor. The selection of the helium for adsorbate and the other rare eascs
for adsorbent has been largely motivated by the fact that these simple
systems should permit theoretical evaluations to be made of their properties.
*Work supported by a comntract with the Dcpartment of Defense (Themis Prgrami and %11h

the Ofice of Nasal Rcscarch and by a Grant from the National Scaencc Foundation.
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Moreover, the low temperature required £0 m4e meaningful experiments
with helium adsorbate adds, at least in principle., a further simplicity to the jj
interpretation of the results.

We have, therefore, made experiments o� Ike dsorpion of 3 He and
'He on copper and on an argon monoIay�r � 1 � cd on copper in the Ii
temperature range 618-ISiS K.. The temperature range was chosen because Li
even monolayers or subinonolayers of helium show appreciable vapor
pressures in it, and, in co!sequence, it is po�ble to obtain rather easik
precise data that can he used for evaluation of thir iw-st�ric heat of adsorption
Q�'R.

In this paper, Secton 2 discusses some of the key experimental arrange-
nxnts used in the measurements. Section 3preseins the observations made
to daermine the surface area of the subsrates.. For the argon monolayer U I
substrates, we introduce a new formula for � surface area based on the
assumption that monolayers of argon on copper arc a close-packed array.
5.-Ijon 4 tuves the observations of the 3 He and 41fr i�dsorption isotherms L
in detail and compares our results, where possible. with previous data
Section 5 details the results of calculation u� ibe isostene heat of adsorji;ion

Q R for the systems studied, and, again, where possible comparison is fi (�ii�en with previous data (Section 5) and �'i:h theory (Section 6). All thepertinent data are summarized in tables. Finally, a discussion is given in
Section 7 of the monolayer capacity of the helium on :h. substrates studied.
as revealed by theory and experiment.

2. EXPERIMENTAL ARRA!�dEMENTS

The apparatus for these measurements e�i adsorption isotherms was the
same as that used previously and described sa detail by Daunt and Rosen.'3

The specimen temperature could be heid constiint to better thafl ±0.005 K
at any temperature between 4.2 and 20 K. The pressure measurements
rangcd between 025 and 75 Torr. Tberzuomolecular pressure corrections
were less than 3o� for pressuies abo.�c 0.5 Torr even at the l.�vest tempera-
tures, and the accuracy of pressure measurement wa� within 0.5�. For
deta.ls of the method of temperature and pressure measurement and of the
corrections used in calculation of the mass adsorbed, reference is made to
previous papers.' 3.14

The copper surface �as in the form of a stimiered copper sponge. first
used in similar work by Dash and co��orkers>' 5 �Ve used the same type of

copper powder as Dash er a!.."' � namely. Druid Copper" Grade M D60

from Akan Metal Powders. Inc.. which is in the form. as reported by Dash
ci a!.. ('f flakes of mean dimension 3 p. rhe poi�der ��as first cleaned by
soaiing �n suitable sohents. dried. and then partially deoxidied by baking

19



in a hydrogen furnace ai WC for 0.5 h- It was thom subsequently press
and sintered into dis, of dimeasions 5Aan in diameter by 0.6Scm in
thikness, in an H, furnae at 650WC for 0-5 h- The specimen used const
of i&-.-e such disks of total mass l7Og &arsd ofAfloing factor 47.77,, which
were enclod in a good-fit copper -essel Subaeuent to mounting he speci-

men in the cryostat, the final ,caning procedures and preeeim tal
prepaations were idemtical to exo desc or eari=.I=

The purities of the 3 He and 'He used were 995 an "9"5/7, respect-
L irdy. Both were further purified by passae oier activaed charcoal at 77 KL prior to introduction into the cryostat. The argon used mas of 99.998%

polity and tis was further purified by passage over activated charcoal at
195 K.

- In conting !k specimen with a monolaytr of argon, the procedure
adopted has already been described by us preiousW- This procedure,
which was only arrived at after extensive triai-and-error mthods, ensured
that the argon was indeed uniformly distributed over the surface of the
specimen and resulted in completely reproducible isotherms from run to run-

3. THE SURFACE AREA OF THE SPEC1MEN

The basic experimental data used for determination of the surface area
of the specimen arc the adsorption isotherms of N, and argon measured ai
77.3 K. These have been previously reported by us,"4 along with data for
neon adsorption isotherms, and graphs of these isothenns were included
in that paper. It is merely necessary here to repeat that from BET analysis of
these data and from "Point B' determinations (see Young and ,rowe!l6k
it was found that the monolayer coverage V" was 0.11 cm3 (STP)ig for both

the N 2 and the argon.
The fact that the V. values fer both N2 and argon were the same was

not too surprising. For example, Dash and coworkers' have reported z
simi'ar result for their sintered copper caloi ,neter. They reported, for a
volume of 10cm3 of siniered copper, V. = 8.4cm3i (STP) for both N2 and

a:gon at 77.4 K.
There has been much difficulty in the past in assessing the surface

areas 7- from the measured V.'s owing to questions arising as to the appro-
priate val, -s of the molecular areas a to employ. Quite detailed discussions
of these ; -oblcms have been given by Dash and coworkers,' and by Daunt
and Rosen.' 3 These have pointed up the inadequacy of the -standard-
method which as reported. for example. by Young and Crowcllt 6 uses the
liquid - value (16.2 A') for N, The general disagreement of determinations
of Y from argon isotherni data as compared with the F determinations using
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the -stzndard- N. method ;s nowworofhy- ft is proposed therefore !o adopt
another procedure her- as Lfolos

Fi-st. it mill be assumed foowin for emple, the work of Stice'e
and of Novaco and Milford ' that on a metal sufacre, whckh tql of surfact
is found* to show no signifftant peuiodicity to adsorbate atoms, an adsotred
monolamyer of argon atoms fomus a dose-packed array.i It is further assumed
that the nearest-neighbor dista a between argon atoms is the Lennard-
Jones parameter p, as has been discussed in detail by Nov-aco and Milford.5

"nhiiis 383 A. as gwen bky Hofis-mialkt.- This gies a maximum molecular
area a of 11.5 A2, h:ich is smaller than the generally acepted'" values for
both liquid and solid argon- This can be understood in view of the major
influence of the argon-metal attractive forces.

Now for a cdose-packed array of atoms with int-ratomzc dis;anc a
equal to 2(o,,z)' 2. the surface area X tin m 2 ) for N. atoms forming a mono-
layer, in terms of a gin A) is

m-A ) = 1.10 x 10-20o,7-- Vi)

or

X•m 2- = 0-196u'V. (2)

where IV is the monolayer capaity measured in cm- (STP) of the adsorbed
gas. It is to be noted that the numerical coefficient in Eq. (2) is different from
that usually1" used 3-269). This is because the area under a close-packed
array is nrt completely covered with z.toms.

To estim'tc the surface area of our specimen, therefore, we take the V.
value of 0.11 cm3

1Ig of copper) for the argon, together with the value of a
for argon of 11.5 A', and use Eq. (2) above. The result+* is 2: = 0.374 m 2ig of
copper), with the monolayer number of argon atoms = 7.9 x 10"' per m-i.

It should be noted that in deriving Eq. (2L it is implicitly assumed that
the underlying metal substrate is smooth. In practice, this cannot be quite
true due to flaws, pits. grain boundaries, and various kinds of dislocations.
These, in general. will tend to gather more adsorbed atoms than on a 5mooth

surface: hence, it is probable that the Z: value derived using Eqs. (1) or (2)
represents an upper bound fur ihc effective surface area for further adsorption
after the apparent monolaycr number of argon atoms have been adsorbed.

*This fact is %ell evidenced. for example, by the absence of diffract'on peaks in the scattering
of loA-cnerg) helium atoms in the cxperiments of Palmer d al "
"MA similar structure for monola)crs of Xe on graphite surfaces has been shoum• to occur from
LEED experiments b) Lander'* and has been discussed in connection wsth adsorption b,
Barnes and Steele.30

:The value for I adopted in our prc,sous paper" for the same copper specimen iusing the N.
a!•e of I.. ,tN.:| equal to n3 - A,. and Z = 0269,71j1 ias 0.41 m: fg of copper) We suggest

that the dcricd data in that paper obtained using E = 041 m" ig of coppcrL be corrected to
be com~patible with the ncv, value of Z gien he.cih. equal to 0.374 m- Ig of copper)
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4. THE •IlL-"M ADSORPTION ISOTHERMS

The observed adsclpdon isotherun for 'He on the bare copper spop.ge
taken at I&5, i5.(, 13-50,11-60, 9.65, 7.90, and 6-18 K are shown in Fig.r .
Thoe for -He,. also on the b.:xe cop=r sponge, taken at the same tempera-
tures are shown i Fir, 2. Prelminar) data on these wre gven by us6

previously, whhic data are now superseded- The amount of gas adsorbed is
1; presented in atonsmf in the figures.
_ Li:tle previous data =xist for adsorption isothenrs of helium on a bare

metal with which tb compare our data. The early work of Meyer-"2 on gold
gave two isotherms at 421 and 2.04 K, which were at much lower pressures
than those reported in this paper, so that no significarnt comparison can be
made-

Our observed adsorption isotherms for 'He cn a monolayer of argon
deposited on the copper f2.95 x 10' argon atomsIt of copper)] taken at
18.55. 15.-08, 13.50, 11.60, 9.65, 7.90, and 6.18 K are shown in Fig. 3. Those
for 3He, also on a monolayer of argon deposited on the copper, taken at the
same temperatures aic shown in Fig. 4. Preliminary data for the results of
Fig. 3 were given by us6 previously, which data are now supersedcd.

To provide some comparison with our data, we show in Figs. 3 and 4
data for 'He and 3He adsorption on a monolayer of argon deposited on

0I 2 0 io...--o 6o
* ~ 10

00

4

0 10 20 30 40 50 60 70
PRESSURE (TORR)

Fig. I Adsorption soth-rms for 'i;c on bare coppC, d, tcmpcraturc as markcd
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Fig 3 Adsorption isotherms for 4 He on a monolayer of argon on copper at tcmpcratures
as marked - .Adsorption isotherm for 4He on a monolayer of argon on copper at
4 2 K from McCormick er al.-' - - - adsorption isotherms for 4He on 1.05 layers of argon
on TiO2 at 10 K and 12.4 K from Steele." ?
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fi 16 1
L1- 4.2C K
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i ~~~~~~6.18 K X _. • ----E

0 10 20 30 40 50 60 70

PRESSURE (TORR)

L• Fig. 4. Adsorption isotherms for 3He on a monolaycr of,•.rgon on copper at temperatures

as marked. - . -... Adsorption isotherm for 3 He o11 a monolayer of argon on copper at
;~4 2 K from McCormick et a!

L. copper at 4.2 K reported by Dash and coworkers.' We also show in Fig. 3
data for 4He adsorption on a monolayer of argon deposited on TiO2 powderL at 10.0 and at 12.4 K reported by Steele. 23 Although these earh6er mesure-

nients were made at different temperatures, and in the case of Steele's2 3 data
the argon monolayer was deposited on a different substrate, all the experi-
mental data by the different workers are compatibie.

j The general features of these results are that for the same substrate, the
S•amount of 3He adsorbed is always less than that of 4He under the same'

conditions of temperature and pressure. Furthermore, in comparing the
S adsorption on the argon monolayer with that on the bare copper, the amount

S. adsorbed is always less in the former case than the latter, under the same
conditions of temperature and pressure. Indeed, comparison of Figs. 2 and 3
shows that the introduction of an argon monolayer on the copper lowers
the adsorption of 4He, even below that of 3 He on the bare copper.

5. THE ISOSTERIC HEATS OF ADSORPTION

The large number of adsorption isotherms at different temperatures
permit relatively accurate assessment of the isosteric heats of adsorption.
Plots of In p vs. / T taken from the data of Figs. 1-4 were made at 15 different
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constant coverages from 0.7 x 1018 to 13 x 10tSatoms/mr. For each
coverage there were three or more points, which were colinear, and the slope
A In ./ti(I/T) gives the isosteric heat of adsorption Q, divided by the gas
constant R. Figure 5 shows QdJR in degrees Kelvin obtained in this way as
a function of the coverage for 3He and 4He on the bare copper and on the L
monolayer of argon. (These data supersede the preliminary data previously
reported by us.') Figure 5 shows that Q,,JR is significantly lower for adsorption
on the argon monolayer than that on the bare copper, both for 3He and 'He.

In Fig. 5, a theoretical evaluation of the 3He and 'He monolayer ...

coverage is indicated. This is obtained by assuming that the monolayer for
both 3He and "He is completed when as many helium atoms are adsorbed
as the number of argon atoms in the previously deposited argon monolayer. L
This theoretical definition will be discussed in detail later in this paper.

The relative flatness of the curves for uur data for 3 He and 'He adsorbed
on the argon monolayer indicates considerably more homogeneity of the
substrate than is the Lase for adsorption on bare copper..

I• I I I I I I I I i I I I I I LI

!50 THEORETICAL MONOLAYER

725 -,Li

50 -- HxNA, •-

Nos ON Ar- "..

0 2 4 6 8 10 12 14

VW t I0ATOMSIm 
8
)

Fig. 5. The isostcric heat of adsorption Qj,/R as a function of coverage for "He and 'He on bare
copper and for "He and '1ie on a monolayer of argon on copper. - - Isosterc heat of
adorption for '"tc on a monolaycr of argon on coppc from Wallace and Goodstein': - -
|,olcrnc heat of amdsorption for ti}c on argon from Roy and Halsey", - isotcric heat of
adorption for '"Ic on 1 05 layers of argon on T,0 2 from Steel and Aston.
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Our data indicate that in the limit of zero coverage, the Q,/R values for
3He and "He adsorption on an argon monolayer on copper are 76 + 2 K
for both adsorbates. At tl. , theoretical monolayer coverage on argon, that
for 3 He is 44 + 2 K and for 4He, it is 47 + 2 K. It is not possible to make an
unambiguous extrapolation of QJR to zero coverage for 3He or 4He
adsorbed on the bare copper; it seems clear, however, that the values are
relatively high, lying possibly between 135 and 165 K.* It should be noted

i I here that Pollock et al."4 have determined the binding energy in the limit
of zero coverage of 4He on bare copper and give a value of 177 K. This
would correspond, as deduced from Eq. (3), to a QM/R value at 10 K ofL about 202 K.

At the theoretical monolayer coverage of 3He and 4He on bare copper,
our results give Q,,/R = 61 + 4 K for 3He and 77 + 5 K for 'He.

Previous evaluations of QSIIR from adsorption isotherms of "He on a
monolayer of argon on copper have been made by Wallace and Goodstein,"
and these data are shown in Fig. 5 for comparison with ours. Included in
Fig. 5 also are previous data for 4He adsorption on an argon monolayer on
TiO2 powder reported by Steele and Astor.." The QS,/R in the limit of zero
coverage which can be extrapolated from Wallace and Goodstein's' data
is in close agreement with our value; or 4 He. We felt, however, that this
agreement is somewhat fortuitous in view of the very different temperature
ranges over which the two different sets cf measurements were made.
One would anticipate, following Eq. (3), that Wallace and Goodstein's
"value would fall about 15 K below ours, The data for 9s1/R of Steele2 7 for
adsorption of "He on an argon monolayer on TiO 2 is, not too surprisingly,
greater than our data by a considerable amount.

h I6. DISCUSSION OF THE HEATS OF ADSORPTION

In order to estimate the heat of adsorption theoretically, a model that
has so far received the most attention is one in which the helium adsorbate
atom is considered to be held in the van der Waal's field on the surface of a
bulk argon crystal [in general, above the (100) face] and interactions between
adsorbate atoms are neglected. If Em is the maximum depth of the van der
Waal's potential at the adsorbent site, Eo the zero point energy of the adsorbate
*These values can be compared with that found calorimetrically by Chon et al.2 of 150 K for

"He on Platinum Black at 0 = 0 3 Theoretical estimates of the binding energy for helium on
a pure metal can be made, based on caiculations of the potential normal to the surface .M, 'ny
theoretical computations of this potential have been made (see Mavroyannis" for a suin .nai a.f
these), which is generally given in the form: U = - U,1:1. To obtain the binding energy t ,,
one supposes that the cquilibrium distance is approximately one-half of the sum of the "He-'He
and the Pt-Pt distances, giving -,q = 2.70 A Using th,., the values of Uq are found to range
in the major computations cited2 from 115 to 175 K x _9 = 0 for 'He on Pt Those for 'He
on Cu would be similar
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atom at the site, and E the binding energy, then the isosteric heat of adsorption
S~is related to these quantities as follows-,

IE/kI = IE.1/k - (Eo/k, = Jim (QI/R) -:5T (3)
0-0

where 0 is the fractional coverage, (0 = I is a monolayer), and k is the Boltz- jJ
n..Lnn constan t.

This model which considers helium adsorption.on the (100) face of a
bulk argon crystal has been stud.:, by Steele and Ross," Ricca and
coworkers,' Novaco and Milford,9 and by Lai, Woo, and Wu.'° The last -
authors also considered adsorption on the (I I I) face of an argon crystal.

Although this model is not directly applicalble to our expe~rimental
situation in which the argon is only a monolayer on a copper surface, it is L
of interest to review the final numerical data obtained in these theoretial
investigations. These are summed up in Table I. It.will be Feen that the value
of IE/ki at the adsorbent site is calculated to lie between 93 and,99 K and u
that the later, more refined calculations do not differ significantly in the
resultant jE/ki values from the early evaluation of Steele and Ross.'

No detailed experimental data are as yet available for helium adsorption
on argon crystals, although work has been reported by Lee and Gowland"9 

29

"-n thick argon layers deposited on copper. They found experimentally that
QI/R in the limit of zero 'He coverage on argon deppsits of thickness
approximately 2.1 x 1022 atoms/m 2 in the temperature 'range 3-5 K whls
205 K. At somewhat higher coverage iimo-o (Q.,/R) fell to about 145 K. U
These values are considerably larger than the [Elk! values of Table I. Lee and
Gowland suggested that the difference may ;n part be due to diffusion of the

'*He into the argon. Pollock et al.2' have made direct measurements of the ,-i
binding energy IE/ki by a time-of-flight method for 4He adsorption on a
thick argon layer (about 20 layers) deposited on copper and found a value
of 102 K.

TABLE I
Results of Calculation of the Binding Encigy E for Heihum on the Adsorbent Sitts of a Bulk

Argon Crystal'

Adsorbent Adsorbate IE,,ikl, (E0/k), IElkI,
Authors crystal face atom K K K

Steele and Ross2 8  (100) "He i 188 936 944
Ricca et al "(100) 'iHe 183 -
Novaco and Miford9  (100) 'He 182 83.4 98.6
Lai et alio (100) 4Hc - - 935,
Lai et alo (Il) "He - 473

*HeiL, E,, is the value of the potential minimum, and E. is the zero-point energy of the adsorbed
atom

t"
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TABLE II

Results of Calculation of the Binding Encrgy E for Hdium on the Adsorbent Sits clan Argon
Monola)-r Deposited on a Copper Substrate

Adsorbate
Authors Adsmhent atomn IE_'A (4- ki !E, L

Jackson' argon monolaker 'He 2 545 66-5
Novoco and Milford' argon monolayer 'He 114 51.5 62.5
Novaco and Milford' argon monolayer 'He 114 56.6 57.4

'Here, E. is the value of the potential minimum, and E, is the zero-point energy of the adsorbed
atom.

'1.

Theoretical treatments of the case of adsorption of helium on an argon
monolayer deposited on a copper substrate have been given by Jackson.s
and by Novaco and Milford.' In the latter treatment, the argon is assumed
to be a close-packed array with interatomic distances of 3.84 A, and both
evaluations are made on the basis of no interactions between adsorbate
atoms. Their final data are given here in Table I!.

The experimental data on lim,-o (Q.,,/R) and IE/kI for helium adsorption
on an argon monolayer on copper are summed up in Table Ill. which
includes the earlier results of Wallace and Goodstein," as well as those of
this paper. The data of Steele and Aston27 for adsorption on a monolayer
of argon on TiO, powder is also given in Table Ill. By comparison of
Tables 1I and Ill, it will be seen that the theoretical evahuauions of IE/ki are
very close to the experimental results. It ;s unfortunate that there does not
appear to be better agreement between the various experimental data.
Howevet, it must be noted here that the term 'T in the evaluation of IE/ki

TABLr Ill
gl-xpcrimental Results for lh: .o (Q,,, R) and the Binding Encrgy lE,Li for Helium Adsorbed on

an Argon Monolaycr'

IEkl
Adsorbate himp-,o(Q,, R). T,.. deduced from

Authors Adsorbent atom K K Eq (3).
K

Thv, paper argon monolayer 'He 76 10 5i
on copper

This paper argon monolayer 'He 76 10 51
on copper

Wallace and argon monolaycr '•ic 82 4 72
Goldstein' on copper

Steele and argon monolayer 'He 125 15 87 5
Aston2' on TiO 2 powder

°Here. 7,, is the average temperature of the mcasurem'-nt
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by Eq. (3) plays a significant role for these rcdieby loosely bound syst•as-
It woukI therefore be of inutes to make futher experim••tal evaluations
of QUR over wider temperature ranges in order to estimate more exacdy
its temperature variation.

Roy and Hal•ey" have estimated the covreirag variation of QOR for
'He adsorbed on a mon-La)yr of argon on copper fron the cxperimental
data of Dash and owork:s. This estimation, based on a patch theory of
adsorption, is shown in "Fig. 5. It falls dose to our data, although, after
consideration of the very different temperature range used in Dash a at's
experiment compared to ours, one would expect Roy and Halsey's values
to be some 15 K lower than ours Again, this points up the need for a more
thorough investigation of the temperature variation of QJR. L.,

7. THE MONOLAYER COVERAGE |

As remarked in Section 5, a theoretical evaluation of the monolayer
coverage has been adopted in Fig. 5, defined as the coverage at which the
number of atoms adsorbed (either 'He or 'He) is equal to th.e number of
argon atoms in the previously deposited argon monotayer. That is to say,
for adsorption on a close-packed array one assumes only one adsorbed
atom per unit cell to constitute monolayer coverage. This means that cnly
one-half of the possible adsorption sites are occupied. This definition is
frequently used, as for example, by Novaco and Milford,' and by Dash and
coworkers.

2
.3.3

For adsorption on a close-packed array of argon atoms forming a
monolayer on the basic substrate, this definition of monolayer coverage
makes V. = 7.9 x 10'* atoms/mr2 [0.29 cm3 (STP)/m2], if the interatomic
distance between argon atoms is taken to be the Lennwrd-Jones distance
po = 3.83 A.

Experimentally, owing to the possibility of relative .nobility of the
adsorbate helium atoms (see Novaco and M;iforc' 5 ). it is porsible tihat J
dynamic adjustment may take place permitting .more than 7.9 10' atoms/
m2 in a monoltyer, although it is very unlikely that ild the adsorption sites
can be occupied as a monolayer, as has been suggested by Steele and Ress.2 8

Experimental estimates to date of the n.onolaycr capacity of ad.irbed
helium come from interpretation of adsorption isotierms. In particular,
the 'Point B'" method, or its variants,'" has been used, which in the case ol
heliums are subject to some imprecision. The first signihcant work in these
evaluations was that of Meyer-2 2 for 'He on gold, who found V, = 13 x
1018 atoms/m 2. A much more definite evaluation was made by Hobson"12

in his elegant v -y low pressure mc-,surcments of 'He adsorbed on pyrex
glass. From hi.-, data. one estimates that V,, ranges between 8 x 10"8 and
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9 x 10'atomsinm2 . The more recent work of Dash and coworkers.' for
adsorption on an argon monolayer deposited on copper. yields (according
to our interpretations of the surface area Z of their specin•n•): for "He,

-1. = 10.5 x 10' 8 atoms/m 2 : for 3 H1 e. V. = 9.4 x lO 8 atomsi:m-. These
data are summarized in Table IV. The experimental results for i. for
adsorption on the argon monolaycr, therefore, appear to be somewhat

larger than the theoretical definition. The fact that V. for 'He on pyrcx
glass is numerically so simila: to that which one estimates theoretically for
adsorption on a close-packed argon layer indicatcs that on pyTcX the mono-
layer of 'He, if it is also close packed, has interatomic spacing of about 3.8 A.
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THAEM5IMOM~ £? NEON SUBMOOLAYES M~RBED ON'
ARGON-COATED GRAOL*

K=6"g~ I*~d 1972 I
Itesmed Wmnme!a =ziq~ I* AaMrr 397

Adwm isCmU fmm mGr.<cil ad am 2pacaprmcc Ga6a bar beem swmas- d bei'v=a IT K amd? -n
Feeor z~e aaiomwa~ **Onze-- cuidemr zp= fow z Cz~w5cm ofz&hc mra ito 3 cam~i rmo-C*=tanm i vir l
C66 w U~q 21-5 IL

Adsorption isocebmu of sabimooola-eirs of neon on se cbzin a critical zeipetrawe of 21-5 IL
-fie a~hite (tGrafo~jjj 1 Cear-e with a; wrao- The spwrific hea! meowmeuts of soawdaren

zyrr of zrgon haw bfui measured, this subvirate l~ar- (0 =03) of neon oin vapbitized caibon (Sp1rern 6)
um been fournd previously 121 o be 2 -dtatrreh- hbuo- 1wý Steele and Karl [81 and bmw Antonioer ef A 151
nMEreo The tnemirements wme made wing an appra- SbOwed zoaIMeIks with =mi~nna at 16-: K and 14 K
21us and a method 'dricc his been presioezsly desc-uib- resyectirdy. uhich %wre intewreted 2s due .o a
:d by us 131 -The Grafoid substrate %-- 0-013 -in thick mtinzb*- oer a temperature raw. of the adsrobate.
-9 un Wide. wotrnd in 2adoss-packed helix of inun Alth aumh a auzrititat-re conparison -4 these results

33.31 r-g Its surface areaz. deduced fromt an -rgor; ad& %ith our datz is Zo pomsble. d:.- to the differeace in
.orption isotherm [-,2.1at7-73 K. was 67-2 to- roe zr- the substrates. it seems ewident that both our adsorp-
g00 monolayer wras artiforml.; deposited on the C'ffra oil tion and thcir c21crimetric expeimewnts sugust that
before we-2srtment of the neon isothemirs was begun- these sprbmonolayers are two Phase syterr
,;con adscirpfion isotlhevrns werteasneured at 17.26 K, Evr iriterretine our isotheisa dAta in terms of a md
2012 K. 27.64 K, 25.71 K and 27AQ1 K and are shown ified Fo-aer isotherm, as has been done by lFisher and
in fig. 1 (3). Fig. 1 (3) showcs estimates of the mono- Mic~iillan 161, we con-cluder that the neon-neon Iaeral1
ayer cnvwerzpe the thcorfit:ical nionokwaer cos-erag of interactioni energ- is approximately 58 K-
7.9 X 10 19 atomshn 2 being :hat corr--sponding to a
-dose-packed surfacc layer i41 and the other cstinu:c -I I
3f lo X 1018 atornsfm being tha! of Antoniou et a].

Fig. I1(a) indicates that a transilion occurs in the

range cf cur observations, the curves being sirnsjr in--
:haracter to those observed. for example. by Fit der
and Mc-Millan 161 for krypton on NaI~r. At thc lower j
press-ures we interpret our data to mean that at sub-
monolayer coverage tun phases exist SIM1.ltanrcoasly. 5'

Ir as , First approximation. we interpret oar da*.a in270
terms Of a van der W~aal 1-D system. in the same way .j

that Rossind Winkler didfor argon on graphrite 17[1. I

Work purt'aity iupportcd by a Gran., from the National Mf""

Science Foundation and by contracts sitih ONR and DOD) F-ig 1 3) Adsorpt;nn isotherms for neon on argan-coitcd
Mchmis Prograrn) Grafoal at temperature- as marked points Vare for 17 26 tZ.
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dwat D~wis.. 270 Patk Aw-. Xr vceaL
'We hiare also obsen-ed adsL -Vioa isoihems for 121 E- [tear mad Ji Dn. J- Low T~ toip Paso be -_

neon on bare Grafbil. as dww in fig. I ft) The mao HW
(at 25.71 K and 27-0O K) or pezp three (one at 1 m L D3A and ttL Rflnts J Low TCUMjL Fb~ 3 (1970)

22.64 ~ ~ ~ ~ ~ ~ ~ ~ 4 K)- lnenm sodd WifOIIkU iib1aE LaaM 3. Low~ Tomp. Thy!. S (1972)-
CCCoeetUg AM 00 zCtiU Of 3traUsifioa in the IYSteni 15 AAAti P.D.Scaffk~d.dM.PNactkJCbon.

The nuelked steps obsmsed in oe 17-26 K and 20 .!2 K "MI S 54 (1971) 503.
isotherius above monoIoa~ corerag arewidicative of 161 B-3- Vnbct aid WG. McM~Aa. L. Am. C-%em Soc- 79.
second laler fornation. We haw coptddi ot (1957)2W6: J. Ccm. Phyv, 28 (19%1) 54'. 555.562-

heat of adsorption (9~R (7te1ua a 91fo S- Ron and W. Wu-kkr.JL.CooI3 Sc 10 (1955) 319.330.
dataandthereslt, in ah Usnual ofA 19 fro IS] TA Stocke and 3R. KaiI. L o(Co"i amd Inocv-=r Scienee

are shown in fir- 2. Fig- 2 also shows for comparison 191 '3m- Yom* and CrmE.c FhysicA adsoqalko of gaaS
(QIR) observd by) Antontico el 21. 151 for neon cmi butteruwoiiiý Loodon 1962).
Spheron 6 at 279 K.

We sinh to thank MJr. W.H.P. Van Ipere': for itis
help in the experiments.
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L 
Rec•aed 17 Jy 1972

Speific lca2 cd4He adote an copj m aspx,-oated ctili and on meon-ccite copps hav bem

r P p- down to .i4 moaya, th specific beat per atom is anmalou azod is unexplained by any sdl pkise
mmdd olf te adsombeu sysse.

We hae measured the spcific heat of adsorbed 12 093 MONOLAYERS He ON
6brnod of's Hle d' dW on dhe substrates, - ARGON MIONOLAYER

-ainely: 1) bare copper, 2) copper coated with a
monolayer of argon and 3) copper. coated with a 1.0
Smmoty,-r of neon- The copp.r was; a sintered

, spoe Ie I) of mass 695 g a2J total surface area, as
previously deter nined 12,31, 260 mn2 . It •'as located 08
in an adiabatic caio-ri.acter. The same calkAimeter C

U,!and sponge wa used for substrates 2) and 3), the Nk 2D )EBYEN

argon and neon monlayers being put down before O06 - 0=245K/
coding to liquid helium temperatus.. Measurements - i

I .wre make with each of the three different substrates 0

azt 4 WHe fillings of the calor;.neter in amounts 15, 30, 04 o e(T)

50, 60, 70 and 87.5 cm3 ,STP). EVA_ INTO
L The results for subs',ates ,) and 2) extend and 3D VAPOR

lrgely confirm previous data of Princehouse [41 for 02 --
bare copper and of Stewart and Dash [51 for argon- /

j-coated copper.
L The specific heat, C, for near-monolayer coverage O_0

of 4 He on all three substrates could be described by 0 1 2 3 4

the addition of two terms: one a two-dimensional -" T( 0K)

(2-D) Debye function, and the other due to the eva- Fig. 1.
L_,poration ofH le from the adsorbed film into the

3-D vapor. At leas! for substrate 2), where the effec- one obtained with 0 = 24.5K in the 2-D Debye
tive binding energy, E', :s approximately coverage function and with E' = 61.5K in the evaporation

independent, the evaporation term can be evaluated term 161. Satisfactory agreement is evident. More-
* [6] from theory. over the value of E' is in agreement with that ob-

Typical results from our data for a coverage, x tainable in other theoretical and experimental
0.93 monolayers, on substrate 2) are shown by the evaluations [31. It is found that Stewart and Dash's

, circled points in fig. 1. The full curve is a theoretical [c] data for the specific heat of 'He on argon-
coated copp.r, with coverage x = 0.9, can also be

* Supported in part by a grant from the National Science well described by these two terms with 0 = 26.5K

Foundation and by contracts with Oi4F and DOD (Themis and E' = 61.5K. Our results for near-monolayer
Program). coverage on the bare copper also can be described
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atom forx 0.14 on the neon-coated substrate.
Fig. I of the subsequent letter [6], gives our results

0.14 MONOLAYER He" ON forx = 0.2 on the argon monolayer. In these figs. L
2.0- NEON MONOLAYER curves for the 2D Debye solid and for the 3-D eva-

0 poration term, with their appropriate 0 and E' values
have been included and they clearly show that the I
sum of these two terms ai,.e does not describe L

1. - the low coverage results.
C It has not been found possible to account for the I

Nk low coverage results by any homogeneous single Li
phase model [71 of the adsorbed system, whether

1.0- gaseous or condensed, nor by a solid two-patch model
2D DEBYE as proposed by Stewart and Dash [5]. It has been LSOLID ". ,"L

O,22.0K ("- found [61, however, that a two-phase model can
0/5 - describe the results qualitatively and, at least for

0 - substrates 2) and 3) quantitatively. The full curves
.- EVAP. INTO / 0f fig. 2 and of fig. 1 of ref. [61 were computed -

. 3D VAPOR using this two-phase model.

0 I 2 3 4 LI
- T(*K) ReferencesFig. 2. [1] D.L. Goodstein, W.D. McCormick and J.G. Dash,

in a similar way with 0 = 28.3K forx = 0.85 and Cryogenics 6 (1966) 167.
0 = 30.0K forx = 1.07. 121 E. Lerner and J.G. Daunt, Jour.Low Temp.Phys. 6

For the neow-coated copper, the near-monolayer (1972) 241.
(31 J.G. Daunt and E. Lerner, Jour.Low Temp.Phys. 8coverage (x = 0.8) film also showed a 2-D Dabye (1972) 79. t

behaviour below about 2 K, with 0 = 22.0K. (41 D.W. Princehouse, J.Low Temp.Pbys., to be published.
At coverages below the monolayer coverage, the [5] G.A. Stevart and J.G. Dash, Phys.Rev.A2 (1970) 918.

specific heat per adsorbed atom increases with decreas- [61 J.G. Daunt, Phys.Lett. 41A (1971)
ing coverage at any temperature below about 2.5 K. (71 F.J. Milford and A.D. Novaco, Phys.Rev.A41 (1971)
Illustrating this fig. 2 shows the specific heat per 1136.
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A mo pktae sincd for • u bmoaoltyers adsorbed on argon and neon monolayers is proposed which consists
o twod ienoma 1.-D) lid&4be idands of coverage independent lattice parameter, surrounded by a quasi-ideal
2-D rapm. Ths nwdd can approximate the observed spmcfW heats of such submonolayers provioed an anomalous
term is isioduced atu may be associateo with those atoms located around the perimeters of the islands.

A two-p.ase model. with "me phase a mobile 2-D
gvs, is consdered to explain rte specific heats given I 2 OF 4 ON02 MONOLAYERS OF H*O

-i the piesious letter I 1I. The model 121 _ssumes ARGON MONOLAYER

that the adsorbate forms solid-like ti3 >dir•ensional L
i2-D) anes. sx-rounded by a quasi-ideal 2-D vapor. I 0

.The Wiand atoms are assumed to be in register with o
the substrate. regardless of their total number.. This
s-,stemn at fractional coverage x (x- l is a completed 08 -- 0 0

""C o 2 DEBYE
monolaver) has these terms in its specific heat: Nk SOLID

"D A 2-D lattice term. due to vibrations in the o0 =245 Y

island-, which is assumed to be a 2-D Debye function, 06 V
LeL;. .k =D(7/0). with0 indeperdent ofx and o / //

-with 0 a oL /
21 A desorption term. due to evaporation into the 04 A2LEVEL FjNC1 'ON/ /- /

.F" K-5K -. / /

ZD voids above the surface, in which is included a /F'VAP INTO/

small term due to the specific heat of the 3-D vapor. -20WPOR/
By extending the theoretical work of Fisher and 02 .
McMillan 131 on the 3-Dvapor pressure to a two- , 07 /t\ AP INTO'

phase system. term 2) gives, at sufficiently low 3-- 3) VAPOR

temperatures. a specific heat per atom: 0
0 I 2 3 4

C2  3/ 51mn)~2 -5 i &1 I2 *T (*K).,- L h in0
Fig. I.

E } - 3' 2 energy, being equal io the binding energy for zero

7E' + I TI2 + T T) coverage less the adsorbate pair interaction energy

141. Note that C 2 is )rop_:tional to lI/(l--x) and to
where I' is the 3-D vapor volume in the calorimeter, m312.
?Im the number of moles in a helium monolayer in the 3) A desorption te in, due to evaporation irom
calonmet'r and where E' is the effective binding the islands into the 2-1) vapor in which a small term

•ae to the 2-D vapor itself is included Thus yields a

"Supported in part b. a grant from the National ,cience specific heat per particle-
I oundatinn and hi, contjactý with ONR and DOD (Them,ý
Program, 3))
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C3__ different coverages [I] of 4 He (,:, tie,, gon mono-
-Nk = 2m2h An -- ) T- 1 {(E2 t )2 + 72 } X layer, all the experimental data can tx. accounted

2 .i R for using the same values of four of these variables,
namely 0 = 24K, E' = 61.5K, E2 = 21.5K and AE/k

X exp(-E 2]T) (2) = 5K and with a variation of the maximum value of
the two-level function proportional to 1/x1/2 . jhis

where A is the total surface area di the calorimeter proportionality is suggestive of a mechanism associated
and E2 is the lateral (2-D) binding energy of an atom with those atoms located around the perimeters of th-
at the perimeter of an island. Note that C3 is prop. islands. It is noted that the values of E' and E2 are co
ortional to (l-x)]ix and torn. sistent with previous estimates of these terms from

4) A l-D lattice term, due to vibrations around the other data [6-81. Furthermore, with a change only
perimeters of the islands. This yields a negligibh, in 0 from 24.5 K for 4 He to 26.5 K for 3 He, ihe
small contribution, same values of the other parameters account very

5) An 'anomalous' term, perhaps due to one or satisfactorily for the observed specific he.ats of four
more of the following, a) Transitions between siles different coverages [61 of 3He on argon. In addition
of different energies around the 'fretted' edges of for three different submonolayer coverages of 4 He on
fie islands, which would give a term proportional to the neon monolayer [1] the same situation holds,
the perimeter, b) Tiansitions between different areal namely all the specific heat data can be approximated
configurations, assuming some distortion in the 2-D by the model with the following values of the param-
lattices; c) following Roy and Halscy,[1],• ty . . eters; O = 22.0 K, E' = 46 0 K,/F 2 = 16.0 K and

due to distributions among heterogeneous sites of AE/k = 5 K, and with 'he maximum value of the
long iange potential variation, two-level function the sqme as that for the argon

We have applied this model to the specific heat substrate at equivalent coverage.
data [ 1,6] for 3 He and 4 He on argon and neon mono-
layers on copper and have found that, at low cover- I wish to thank Dr. P. Mahadev for his help and
ages, the sum of 1) through 3) does not completely Drs. F. Pollock and A.D. I vaco for valuable discus-
represent the data. There remains the anomalous sions.
term. As an illustration of this, fig. I shows the
experimental data points (o for Mahadev et al. [1] , References
X for Stewart and Dash [61 ) together with curves I 11 P. Mahadev. M.F. Panczyk, R.A Scribner and J.G.
showing terms 1), 2) and 3) separately for 0.2 Daunt, Phys.Letters 41A (1972) 221.
monolayers ' He on an argon monolayer on copper. 121 J.G Daunt, Bull.Ai ter.Phys.Soc 17 (1972) 498
The full curve, roughly agreeing with experiment, 13] B B. Fisher and W.G. McMillan, J.Chem.Phys. 28 (1958)

was obtained by adding the curves for terms 1), 2), 555.
and 3), together with a two-level Schottky function 141 R It Fowler and E A Guggenheim, Statistical thermo-

dynamics, (Cambr Univ.Press, New York, 1939).
with energy gap AE/k = 5k. We have taken a two- 151 N.N Roy and G.D llalsey, J.Low Temp.Phys 4
level function to be a first approximation for the (1971) 231
'anomalous' term. Thus we find that we can describe 161 G A. Stewart and J.G. Dash. Phys.kev. A2 (1970) 918.
the experimental results by sunming four terms, a 171 A D. Novaco and F J. Milford, Phys Rev A41 (1971)

process which introduces five assignable variables- 1136.
[81 J.G. Daunt and E. Lerner, J.Low Temp.Phys 8

0, E', E2 'ed _%E and the maximum value of the (1972) 79
two-level function It has been found that for five
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Two cryostats were built for desorption cooling in the temperature range below 12 K,
using desorption of He4 gas from synthetic zeolita The desorption cooling expenments
carried out with these cryostats are described -The initial temperatures chosen were
120K, 10 0K, 8 K, and 6O Kand initial pressures between (25 atm and 1.00atm
(1 atm = 101 kN m 2). Final temperatures tanged down to 1.83 K. Measurements were
made of the rate of warm-up under various power loadings (poweis up to 128 mW were
employed) at the final low temperatures and the results, as a function of the average
temperature, are presented. With the larger cryostat, containing 130g of synthetic
zeofite refrigeration was maintained for periods longer than 25 hours. An assessment
is maoe on the limitations of the cooling process based on the results re vorted her an,
on previous experiments on adsorption isotherm. Data are presented in tabular form.
for the expected duration of refrigeration'and total refrigerative capacity at variouf
temperature levels from 3.0K to 6.0 K for I kg of synthetic zeolite; as an example,
this would permit refrigeration to be maintained between 4.0 K and 5.0 Ifor 130
hours for a I mWpower loading.

L Desorption cod!ing below 12 K using He desorbed
from synthetic zeolite'
J. G. Daunt and C. Z. Rosen

The expeiimentai investigations reported here were under- measuremefits of the adsorption. isotherms of He3 and He4

taken in a study of the potential application of desorption on synthetic zeolite 13X in the iemperature range 4.2 K to
cooling as a second stage for futher lowering of temperature 20 K, together with the deduced equilibrium thermo-
in miniaturized refrigeration systems. Desorption cooling dynamic data. I he !atter are of value in interpretation

Soffers some advantages, especially in simplicity, for main- of the present desorption experiments.
taining temperatures in the range 2 K to 10 K, starting A description of the snthetic zeolite adsorbent together
flora temperatures readily produced by mechanicatlAdecitoofhesneiczlt aorntoghr
fionemperatres oreaoidilydrodued bymc hanl with details of its preparation is given in section 1.

refi ,geratorsI or solid hydrogen packs. 2  Section'2 describes the experimental arrangements and

The method is well-known, having been devised many procedures. The latter covered not only measurement of
years ago by Simon 3 and used for helium liquefaction by the final pressures (pf) reached from a variety of initial
Mendelssohn 4 as early as 193 1. Moreover, some experi- temperatures (Ti) and pressures (p,) but also covered
mental studies of the performance of desorption cooling extended mei; urements of the maintenance of the low
systems in the temperature range below 20 K using temperatures for periods up to 25 hours.. During these
activated charcoal as the adsorbent were made some time extensive runs, heat was applied electrically in various
ago by van Itterbeek and van Dingenen 5 and by Khnda. 6  measured amounts up to about 13 mW to the desorbed
More recently Bewilogua and Reichcl 7 have reported sample cell and the resulting warming rates recorded.
similar experimental studies at higher temperatures Data from many of these runs are reportqd in section,
(40-70 K) using silica gel as the adsorbent.. Some of our 3 together w'ith other pertinent experimental results
preliminary results on desorption cooling using various that were obtained,
adsorbents, namely: charcoal, silica gel, alumina, And Section 4 discusses the results in detail, presents an inter-
synthetic zeolite, have already been reported 8.9 by one pretation of the physical processes determining the
of us (JGD). These results indicated that synthetic desorption coolings and the refrigeration capacities, and
zeolite (Linde Molecular Sieve, type 13X) was a more
favourable material for desorption cooling, using He4  provides in tabular form engineering data for future design

as the working gas, in the temperature range 2 K to 10 K
than many others. A mote detailed experimental study,
therefore, of desorpti.Ln of He4 from synthetic zeolite
seemed justified and the results are presented below. 1. Details of the adsorbent and its preparation
In the meantime we have published 10,11 detailed The synthetic zeolite which was used in our experiments

as adsorbent was obtained from the Linde Division of
JGD is Director of the Cryogenics Center, Ste ens Institute of Union Carbide Corporation an(d is referred to as 'Molecular
Technology, Castlepoint St, Holbroken, NJ, USA and CZR is
with the American Institute of Physics. 335 East 45 St. New York. Sieve 13X" The chemical composition of a hydrated tnt
USA. Received 28 September 1971 cell is given by Na86 [(A 10, )86(SIO2 )106 1 2761120. It

CRYOGENICS. JUNE 1972 'IL 201



TAe 1. Data onr mtbn y volme of z,.ld 13X 2. Expaimmtd -airmumenv and pedwn
pM hwing 2% by weilmt of 1-. (Fron I F.. PHa 1 6  Two desorpikn apparatus were -sd in the expernients,
_ _ _ _ _ _ _ __ a small scale one (S)ysnt A) containing 3.53 g of 13X

u adsorbent and a larger one (System B) containing 129.6 g
,Volume. %of pellet volume of 13X adsftbeut.

System A is described frst. In i, the adsodrbnt was con-
Intrartystal void 28.1 tained in a desorption cell, Vl.,.om*pisg a copper
Sr'.ed portion of crystal 29.3 vessel of internal vok.ne 5.70 cL, 3 and mass 24.2 g to
Solid portion of binder 9.3 which was attached a calibrated germanium resistance
Intercrystal void 33.4 thermometer (Solitron, type No 2401), a 100 P heater

comprising a bifilady wound xwg No 32 Evanolum wire
and a 2.8 nun id thin walled stainless steel filling and
exhaust tube which led to the room temperature part ek the

consists of SiO4 and A10 4 tetrahedra which build up cryc:tat. The vessel V, was located within an inner
sfructural units of truncated octahedra, called p-cagesl 2 -13 -14  vacuun vessel. V2. which in turn was located within an
of interior diameter 6.6A. The 0-ages are tetrahedrally out( vacuum vessel V3 . The outer vessel V3 was immersed
arranged and there are 8 1-cages in a unit cell. T7e in a liquid He4 bath at 4.2 K and could be evacuated to
"tetrahedral framework of the f-cages enclose lay er poly- high vacuum.
hedral cavities called a-cages13 .15 having a free a.n-ter The inner vacuum vessel, V,. was equipped with two
of about 1.8 A. There are 8 etcages per unit cell, which calMrated gervaniuum ressi2 nce thermometers, (same type
is a cube of side 24.95 A. The 8 -cages and 8 -cages00hater(simlartothat oV). Oneper unit cell provide an intracrystal void volume of soV!)a20 ,hetr(ilrtohtonV.Oe
p8 080 A3. or about 50an of the total volume of the crystal. resistance thermometer and the heater were connected to

an electronic temperature controller by means of which V,

Pellets ot zeolite 13X were used in the experiments reported could be mai-tained at any desired preset temperature
here. They were specified to contain 20% by weight of between 4.2 K and 80 K with a long term precision of

San "ineit clay binder'. They were approximately '/, in ± 0.003 Vt By having initially exchange gas in V1, the
. (6.4 mm) long and '/16 in (1.6 mm) in diameter. The desorption cell V! culd be filled w:h He4 gas at any

partially dehydrated pellets used contained about 27 by desired initial teraperature in the above mentioned
weight of water and had a density of about 1.0 g cm"3: temperature range. Before starting a desorption run. V-2
this water is necessary to prevent structural distortion.1 6  would be highly evacuated in order to isolate V, thermally
The different volumees occupied by the crystals and the from. t..s suro--undings.

* binder 16 a-e noted in Table I taking one pellet as the basis
for 100% of the. volume. System B, with the larger amount of adsorbent,

incorporated a larger diameter tube for pumping on the
In both the cryostats used in our experiments, each desorption cell and a separate tube for measurement of the
desorption cell was first filled with pellets to its pressure in the cell. It incorporated otherwise similar
maximum capacity. In doing this, an electric vibrator general qualitative arrangements as System A and it is
was used to maximize the filling. Then this filling of sketched in Fig.l. The significant differences were as
zeolite was removed and dried in a vacuum oven at I I OC follows: the desorption cell. VI. was a cylinder of copper
for over 24 hours. It was then weighed in a covered with internal dimensions 10.2 cm long and 5.1 cm id and
weighing bottle at ioom temperature. An identical heating weighing 386 g. The pumping tube connected to VI was
and weighing procedure was repeated several times until 0.90 cm id and 5.0 cm long between V1 and V, (see Fig.l ).
there was no further weight change. The final weight of 1.85 cm id and 48.0 cm between V, and the 60 K level.
the filling for the first (small) cryostat (System A) was -"here it enlarged to 3.68 cm id to the top flange of the
3.53 g, which corresponded to a pellet density of about cryostat. It contained two radiation baffles, as shown in
1.08'g cmn3 . This treated and measured quantity of Fig.l. Above the top flange it enlarged to 5.1 cmi id and
zeolite was then replaced in the desorption cell. The led through a liquid nitrogen cooled trap to a NRC B-2 oil
weight of the pellets for the second cryostat (System B) booster pump backed by a '/3 lip (248 W) rotary mech-
was measured after an identical procedure and was 129.6 g. anical pump OWelch 1)uoSeal 1400).

After the abdve procedure of filling each desorption cel!. The tube (not shown in Fig.]) leading to the
the following preparatory treatmen: was carried out before de',:rptioi cell, V1 . for measurement of the pressure wa,
experiments begain: (1) high-vacuum pumping at 60'C for 2.7 mm id arid 2•5 cii long belwec') V1 and V, arid
several hours, (2) high-vacuum pumping at room temperature 5.8 mm id arid 81.3 cii long between V, and the trip of
for more than 48 hours. (3) purging several times with dry the cryostat. The pressure in the desorption cell was
h-Ie4 gas at room temperature, and (4) high vacuum pumping measured bh' various gauges locatcd at room temperature.
at room temperature for more than 4q hours It is noted Including, for the final pressures. p. repc.rted below.
that purging with the adsorbate is recommended by helruni calibrated Vecco therniocoupie gauges. types
Bruinauer t 7 to be one of the most effective mnethods of I)V3M (0 I 0001pmi) antI IVSM ( I 100.ini)
purifying tile surface. After each crostlat was cooled to 4 2 K. an experimental
Furthlermore. between each desorpt ion run we adopted a deworpt ion run proceeded first by adjus ring V, to ,
routine of high va, iurn1 putlping of the dCsorption cell at desire(r iniial I CillperaItiire. 7,. wi'IIi Cexchanuge I" ,. \ iIIhiin

room tempera tire for 48 hours ii order to assure repro- it w, IhlIl V1 ,il ined the .inille .I uMlperat lre "hici dIried
ducibilrty of ,ur data lie4 gas of purity ,9O 995',; after passing ih1rong0,i hd.1 irrio,ml

0 Y4
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•j~oe -- • ()klo whra m15097Opm

[Ii forpmi og width 1k meaine pw -~ %W (SW" To hio bow 10 to 13pm fmo pmwith the 3Sucafl P.1 im Pfessm w ems m cone td owes cinuaio
Wlfit beem made is de cm ofS M 3 fv tlemn.-II m•ell wee effects1M d in d1 ck ofSystm A
for - ,e drop de tok m pe flow up &k tWe
Ibt dem 1 derpuim celll md dine PWs. *A as for

S mi n 0e effects.

in each desoqrpio sum the itampellatue of die desorption
cell and its pressme urn obsa-ed throusout the

sofit duration of1 di un- Moeova -4 1 heaft Powell
_ we apped in vaqg amounts, whei demed, to the

dcsoptim cel and the remikpmig tewpairae and

60K*MPressure 1ha6 irobsesw

Im Te mphmmnnti reslts

LjThe initial data of interest =r the mininunn fnalW temMe-
jJI~ atures, Tf 0j and their associated prfessores, p.attained by

desorptioe from various mni.a tnrtrs and

presmaes, a~ The obsered results obtained wing bothIl clyostats (Sy stem A and System B) wre presented inF ~Tabls 2 and 3, which also inddle, sampile data on the

LA Table 2- Desorption experinunts data taken withonutwe of
booster pump (fbi s E0 to 70 pm)

Outer vacuum
CSSqi V3  T it. K • i. atm i r f,, .,.K r = T T ,f m tin e r y

1 :.3 0-5 18 3.28 151
WeSSM. V2  I8.0 0.48 3.70 2.16 35

I5 3.0* 050 3.64 220 10
Ta1e8.0 0.50 'J.2 2.15 35
8.0 0.50 3.75 2.13 40

Sa [cml 8.0 0.83 3.31 2.42 20

-- 8.0 1064 3.25 2.16 30

10.0" 0.25 7.04 1.42 1

10.06 0.50 6.10 1.64 3

_ _ _ _10.0 1.00 4.85 2.06 1

12.0" 0.25 9.45 1.27

Fig.1 Scale drawing of the second desorption cryostat 12.0* 0.50 8.51 1.41
"(System B) in section 12.0" 1.00 7.27 1.65

T The data marked v:':,i an asterisk were taken using System A.

purifier maintained at 77.4 K, was introduced intc VI Table 3. Desorption experiments data taken with use cf
. to a predetermined initial pressure, pi. When equilibrium booster pump (final pressure 10 to 13 tkm wystem B))

was attained. V, was thermaliy isolated. This was
;. achieved by high-vacuum pumping of V,. The

desorption was initiated ihmediately thereafter. after T,K P,, atm Tftmin, K r = Ti/Tfmn
Pi and 7T were recorded.

Desorptions were carried out using the 1400 Welch 8.0 0.50 3.20 2.50
mechanical pump f'r ,tumping on the desorption cells 8.0 0.50 3.10 2.58

. and, in the case of System B. using in addition the 80 1.06 2.72 2.94
NRC B 2 Booster Pump. The final pressures. p1
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Fig.4 Plot of the observeid rvalues (r =T/lTf *,, versus
initial teoipeature. Tr; for twoo ~maw pressures j, = 0.5 atm
appox and pi =1I arm approx. The data wee taken using

2.- theimeduoijeal vrnp only

&Z' Booster Pump as well as the mechanical pump on System
z B only.

1-5- Fig.2 shows a plirt of the observed r values as a function
of initial pressure. pi for initial temperatures. T,. of
6.0 K, 8.0 K~, 10.0 K, and 12.0 K for desorption to
pressurez (p ) ot 50 to 7Ojum (mechanical pumping

1_________0___ only). Fig-ý shows a plot of the observeJ r values as a

0 02 0.4 0.6 0.8 LID 1.2 function of initial pressure. pi. for initial tcmperattbre
Initial prssre.p,.atm[iouri0tkNm-2v j = 8.0 K for desorption to 10 to 13Mum (Oil diffusion

Booster Pump). It wil't be seen that the ratio. r, for a
Fig.3 Po fteosre r vau,= TfMn versus given pumiping arrangement increases monotonically with

initial pressure, p,. for initial temnper- lure. Ti, of 8.0 K. icesn iad tcntn iIracwt
The data were taken using the Booster and the mechanical increasing Ti. Also the increase in t. ratio. r'. for
pump desorption using the Booster piump with System B is

clearly shown for the T = 8 J K and p, =0.5 atmn
(I atmn 101 kN m- 2).'use of thle Booster Pump

imce. T-min taken to reach T from the initial con- dccicascs the valuc of TfjMIT by about 15'% below

ditions and evaluation of th ratio r, where tevleotindwt Iemcaia upaoe
r = ';171r,mm. Table 2 gives the results for desorption Fig.4 presents the desorption data. plotting the ratio. r.
using the mnechanical puimp (Welsh model 1400) only versuis the initial tempevrature. T, for different initial
for both System A and Systcin B. whereas Table 2 pressures. p,. of about 0.5 and 1.0 atmr and for
presents tfie rcsults ohtainled for dcsorption using thle desorpt ion to pf valucs betweein SO and 7Opmr 11 is

- 44
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dewriam OEM ofl CSPIM - iA.. lim its 21M& ad2 the FMe due zPVz w M"d in Car f- eu- rrus. both foe
atEfise. may be of s-m pmx c abi~TJ ts tIto~ Ebe cwz System A and!Siwv B. we k- a dr.29i he i'abes
powti of the &rs mrptimpoo A7X doe to the reikd~t4 d4.() ~ 6.Thweihdha ekus
SMAl ai0uut W' Ze.ubt eny&,ved- Mt much higlir levei drorption cul! of S-%,ter A was ab09l 25 ;;W, wtreas
tIMS, for CTaZpMe u~gid Bitrogen teMptratures. this
Faiub Ill l'oadigof the desoqi6ý.mcdl is m' onger as t1hat ito thre cell of S~iMM is was (--s slated carfiff)

vai,as haw fon in seaaexemm " froma 200 ;;W to SWxipW Mwemev. as recsxied in

initial temrn ures thereforebelow about 12 K. iti sectnro 3. ttmy input powers W'ere ZPPLW to the

posble. at least M~ t the largeecryostat (System B) to desorpion oelof Srsiem i zmacnits up to 12-8 rr*1

neglec in first approximation the effect of item (3). the (de 3orpto$ are Liow forle of sythetheio zeoaion

heat capacity of the desorptaon cell and its addenda and fromp n o are Lwwi fork 10~ onsrtefcmlt

conitenlts, ont the cooling process..fo u rzcnr&1-1

On may therefore consider the cooling pbocess for Item (5). the characteristics of the pump are kuowwn

sufficienthr Pnw initial temperatures as desc-ribed ;.,v and item (6). the flow resistance of the pumpin tubes

to be as indicated in Fig.7 which sketches a fanmily- of was estimauted in a manner similar to that previ&ash-
:ypial euiliriu adsrptin isthems o the*.~emiployed byý one of us (]GD)-2 1 In the situation here.

:yi* qiiru adsorbe -isv pour n prssr.othemso that . I account was taken of the char-,c from lPoiseuiler flow toadsobed erssimpur pessre. ote hatKnudsen flow as one went up the Fumping tube towards
T, > T2 > F3 > T4. If the initial ians adsorbed is,-room temperature. The evalua~tions of items (4). (5). and
and the initial pressure. pt, represented by the point A. (6) at our dispisal in this u-ay lead to the fcrhowring
then a desorption would be represented by the path A-B. conclusions.

* where at B the mass adsorbed is mf (mf < min) and the
pressure pf(pf < p). There is also a contribution to the (a) The primary limitation on pyand hence onT
cooling process due to isentropic expansion of the gas from fofytmAadSse .we sdwt h osc

the void volume of the adsorption cell (Sintion expansion- 11. Pump. was the flow4 resistance of the pumiping tubes.
This results in further reduction of the difference between Larger tubes with lower resistance would result in -

my and ni. by-cr Tfuntil limitations due to items (5) or (7) would

For adequately tow values of Ti. as discussed above. the be enc~ountered.

difference betwee:n niif and niý would be small, as (b The pri nary limitation on Pfand hence on T
sk-etched in Fig.7. The final tcmnperature reached for Systc'ai B using the mechanical pump alone was tire
(in 9ig. 7 , this is T3) therefore is determined by pf. Each pumnp it1elf. that is. itemn (5).
adsorbent will have its own characteristic family of ()N ~cc a paetfralniaino
isotherms similar to that sketched in Fig.7 and hence for(cNo£vdnewsaactfr nlittonn
a given Pj the value of T will be characteristic of the pj due o pressure drops wvithin the pores of the

mateialuse. Fr snt~eti zeote 3Xthcisohicinsad,4rb-rit. This ina% appear at first somewhatj sli.prising

between 4.2- K ar'd 20.0 K have been published by usl i ftefndtgi ahe ok 2  htti rcs
elsewhere. 1 0. 11 a was a limiting faclor iii adsorption pumiping using cocoanut

char coal grains as adsorbent It is notinfact coiTradiciorN
A comiparison of tire 131 3 reported here with estimiates of" houcscr %khen one 4.onsiders the mnuch higher pressures that
desorption collings calc'Jated from our previousl% niiasuircd arc obtained in the present e\perinient% It sihuld he

isotherms shows that for T, = 6.0 K anid 9.0 K there i% good noted hows cwr that this factor in.i becomec of signiff~ant
st 'i-consistoncy. (Quantitative comiparisons boss eserare influence if dcsori ions to mnuch loss Cr teniperatutre
not possible because the isot herin data docý not go hielov% thian Ihwt~lie pclrtel here %%ere to het~arred out
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mm~~~~~~~~~~r~, oný50-ona~l_______________

a- elj~4 30 4.0 so 60 2 so

cffI~~~~~~~rfl; V ce~wBcC. j-.

10-w-i, -% -~ 0z MT

is7 \.fr (1) or 40: Fe0 =20 or n30l

pa &-.=K It ia3 isa fbr~w am- K
Tand 75 , To. i vszo-su- fztimd of7'

ofinc5 (SP) oflie 10oW=rh.ez fo a recongs ISXa-m~ VI0M it2IImt=zer

55 K i wiesnarit~ of -,-5% foresr (13)0 of 1~s kg in various tempermre rznes for thr-ce
ehznges betweeii 10 nd 5 0FL-a reftigjr21r pvwar Ignd~n3 of 1 =71, 5 1aff. 2rd 10 =MY.

For the data of Fit-6 thnerefore. wihere te pir essrefoawe sLTdewpine Imt-x

1j range r.as fiom 19 to 36 Pm. o,- =y tz- the f rst
apoxmto (2nroT&, to e c-~ansntatzr selcte Tem-1per-ature
age-=temperature. In this case equatbon I oacedd POVA Frown3Kto4K Frorn4Kto5K FrornSIto6K

* I Pfedict an apProxiTmaely line3- rea-tion between
(dT/drJ anid P for the conditisons otbtainiine in thesee IfM At =W 64 hours At= 130hours Ar = 200 hours
expermnts, and thisis splrted by theexperimernal AE=23 AE=460J M-17= 7M

* data presented in Fi&6.
5 mW At= 122 hours At= 26 hours At = 40 hours

*Our experimental data moreover show that the warm-up AE= 230 J AF=460J AE =730 J
rate (d:7di) at a give- vower level increases with 0% At6-hor A=13ous t=2hus
decreasing average tempterature. For exainple at 1m r Aor r ~or t 0or
P=5.0OmW, P---ratio of (dTfdz) atT --3.3 K tothat E3J A 46J A7O

LW atT = 5.5 K is approxirmtely 2.7.1. From Fig.8 on--
notes that the ratio of the value of (a)rnaT)P at 5.5 K to
fts value at 3.5 K for pressures between 19 and 28 pm is
api 'ximately 2-5: 1. Since the value of Q is approx-9
mate'ly independent of T. the agreement between these
two ratios (at least within the error of our knowledge of as in is decrea:ed. This increase in Q, which would take
the values of (ami/BT)p apparent here) provides gooTd place gradually will result in a diminution of (dT/dt) for
confirmation of the general validity of equation 1. constant power P, as is evident from equation I and

Now a comment regarding lengthy periods of reflected in Fig.5.

refrigeration with the desorption system.a.s for example The increase in Q duriag these periods oi prolonged
was carried out from minute 250 to minute 5 16 in the ptb.'riping moreover results in a -Lorresponding dectrease
desorption run using System B which is shown in Fig.5, in m when P is constant, in order to presere P -Qm.

It will be seen ;. the figure that (d T,'dt) diminished Since m' and p1 are diri'c!!y Meated to each other. prolonged
gradually over this period. This can be attributed to pumping also results in a gradual (small) decrease in f
significant depletion of the mass adsoibed. In fact. for For example in the rur illustrated in Fig.S. P( decreased
this run the mass adsorbed decreased from aporoximatcly from 28 pm at minute 250 to 35 pm at mii ute 500. Suich
0.4 cmr3 (STP) m-2 . As has been shown earlieri0 by us an effect is qualitatively illustrated in the diagrz'M ')t FiB.7
for He4 on I13X. the heat -)f desorption. Q. increases by the broken path line B-~C
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